Kaonic hydrogen X-ray measurement in SIDDHARTA 
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Abstract 

Kaonic hydrogen atoms provide a unique laboratory to probe the kaon-nucleon strong inter- 
action at the energy threshold, allowing an investigation of the interplay between spontaneous 
and explicit chiral symmetry breaking in low-energy QCD. The SIDDHARTA Collaboration 
has measured the ^-series X rays of kaonic hydrogen atoms at the DAONE electron-positron 
collider of Laboratori Nazionali di Frascati, and has determined the most precise values of the 
strong-interaction induced shift and width of the Is atomic energy level. This result provides 
vital constraints on the theoretical description of the low-energy KN interaction. 
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1. Introduction 

Kaonic hydrogen is an exotic atom composed of a proton and a K~ bound by the Coulomb 
force. The strong interaction shifts the Is atomic energy level from its pure electromagnetic 
(EM) value and broadens it as a result of the shortened lifetime due to absorption. Since the 
strong-interaction effects for the higher states (i.e., 2p, 3p ...) are negligible in comparison, the 
1 s shift and width can be deduced from the spectroscopy of kaonic-hydrogen X-ray transitions 
feeding the Is states, namely the ^-series X rays. 
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The measured strong-interaction shift €\ s and width T\ s are directly related to the real and 
imaginary parts of the complex K~p S -wave scattering length a^- P which, in the isospin limit, is 
given by the Deser-Truemann formula : 

£\s + ~ri, = 2a 3 /i 2 a K - p = 412 eV fm" 1 a K - p 

where \i is the reduced mass of the K~p system and a is the fine structure constant. The kaonic- 
hydrogen X-ray data are therefore crucial for theories of the KN system together with the low- 
energy KN data. Note that recent Coulomb and isospin breaking corrections to the formula turn 
out to be important, as first shown in [2]. Fig. [T] shows the comparison between uncorrected and 
corrected values in this theoretical calculation I2fl. 

The low-energy KN system has attracted attention as a sensitive testing ground for chiral 
SU(3) dynamics in low-energy QCD, allowing investigation of the interplay between sponta- 
neous and explicit chiral symmetry breaking due to the relatively large strange quark mass which 
plays an intermediate role between "light" and "heavy". The data are also strongly related to 
recent hot topics - the structure of the A(1405) resonance {e.g., flH,^) and the deeply bound 
kaonic systems {e.g., ill & EH])- Recent progress in this field is summarized in ijToh . 

Historically there were several measurements of the strong-interaction shift e\ s and width 



ri, OH0C3Q3]. In the 1970s and the 1980s three groups (Til HQ reported a measured 



attractive shift (positive e\ s ) as shown in Fig.[T] while the information extracted from the anal- 
yses of the low energy KN data {e.g., JjilllzGil]) shows a repulsive shift (negative e\ s ). This 
contradiction has been known as the "kaonic hydrogen puzzle". 

In 1997, the first distinct peaks of the kaonic-hydrogen X ray s were observed by the KEK-PS 
E228 group 111411 with a significant improvement in the signal-to-background ratio by the use of 
a gaseous hydrogen target, where previous experiments had employed liquid hydrogen. It was 
crucial to use a low-density target, namely a gaseous target, because the X-ray yields quickly 
decrease towards higher density due to the Stark mixing effect. The observed repulsive shift 
was consistent in sign with the analysis of the low energy KN scattering data, resolving the 
long-standing discrepancy. 

More recent values reported by the DEAR group in 2005 1 15], with substantially reduced 
errors as shown in Fig. [U firmly established the repulsive shift obtained in the previous E228 
experiment. 

Intensive theoretical studies were performed based on these DEAR results |0, Qji |2(1 [2]1 
Sill BEES 28] 0. However, most calculations show difficulties in explaining all the 



experimental results in a consistent way. As an example, the theoretical values with and without 
restriction of DEAR data are plotted in Fig. Q] |2D - 

In the present SIDDHARTA experiment we have determined the most precise values to date 
of the 1 s strong interaction shift and width of kaonic hydrogen l3lll in an attempt to clarify this 
difficulty. 

2. Experiment 

The SIDDHARTA experiment was performed at the recently upgraded DAONE positron- 



electron collider 132L 13311. The collider produces 0-resonances, 49 % of which decay into back- 



2 Note that e\ s is defined as e\ s = -(E\ s - E^), where E\ s is the energy of the Is level and E™ is the energy 
calculated using only the EM interaction. 
3 Seealso [301. 



Experiments : 

(1) J.P. Davies et al. (1979) [11] 

(2) M. Izycki(1980)[12] 

(3) P.M. Bird (1983) [13] 

(4) KEK-PS E228 (1 998) [1 4] 

(5) DEAR (2005) [15] 

Theory [2] : 

ad Deser-Truman formula 

a ■ with isospin breaking correction 

□ ■ restricted to DEAR data 
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Figure 1: Comparison of previous experimental and theoretical results for the strong-interaction 1 ^-energy-level shift 
and width of kaonic hydrogen. The open circles with error bars are experimental results: J. D. Davies et al (1979) 
flltl, M. Izycki et al (1980) 1 12], P. M. Bird, et al (1983) Q, KEK-PS E228 (1997) Q and DEAR (2005) 0. 
The error bars correspond to quadratically added statistical and systematic errors. The symbols without error bars show 
the values of a theoretical calculation |2] both by using the Deser-Trueman formula (empty symbols) and by including 
isospin breaking corrections (filled symbols). The fit restricted to the DEAR data is represented by the squares. 



to-back K + K~ pairs. The resulting monochromatic low-energy kaons are efficiently stopped in a 
cryogenic hydrogen "gaseous" target. 

A schematic view of the SIDDHARTA setup is shown in Fig. [2] A coincidence of two 
plastic scintillation counters mounted above and below the e + e~ interaction point was used as a 
kaon trigger. X rays emitted from the kaonic atoms were detected by 144 silicon drift detectors 
(SDDs), each having an effective area of 1 cm 2 and a thickness of 450 yum, developed within 
a European research project devoted to this experiment. The SDDs had an energy resolution of 
~ 180 eV (FWHM) at 8 keV and timing resolution below 1 yusec, in contrast to the CCD detectors 
used in DEAR 113411 which had no timing capability. In comparison with DEAR, the main source 
of background coming from beam losses was highly suppressed. A detailed description of our 
experimental setup is given in 

3. Data analysis 

Fig. [3] shows the timing distribution of the coincidence signals in the kaon detector with 
respect to the ~ 368.7 MHz RF signal from DAONE. The spectrum shows clearly that kaon 
events can be separated from minimum ionizing particles by setting a time gate as indicated 
by arrows in the figure. A half frequency of the beam synchronous timing signal was used for 
the start RF timing - therefore there are two identical coincidence signals in the spectrum at an 
interval of ~ 2.6 ns. 

Energy calibration of each SDD's ADC spectrum was performed by periodic measurements 
of characteristic X-ray lines from titanium and copper foils located as shown in the setup (Fig. [2]) 
excited by an X-ray tube. Fig. [4] (a) shows a typical X-ray spectrum from the X-ray tube data for 
a single SDD. Characteristic X rays of titanium and copper were obtained with high statistics. A 
remote-controlled system moved the kaon detector out and the X-ray tube in for these calibration 
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Figure 2: A schematic view of the SIDDHARTA setup installed at the e + e interaction point of DAONE. 



measurements, once every ~ 4 hours. The energy scale was calibrated linearly by the two Ka 
lines. 

The refined in-situ calibration in energy was performed using characteristic X-ray lines of 
titanium, copper and gold (La) excited by the uncorrected background without trigger in the 
summed spectrum of all SDDs. The spectrum for the complete statistics of the kaonic-hydrogen 
dataset is shown in Fig.|4](b). Moreover the parameters of the (energy-dependent) energy res- 
olution for the summed spectrum were also evaluated using those peaks in this in-situ energy 
spectrum along with the kaonic carbon lines from wall stops in the final energy spectrum in the 
kaon- triggered mode. 

A correlation plot of the X-ray energy measured by SDDs vs the time difference between 
kaon arrival (with kaon detectors) and X-ray detection (with SDDs) for hydrogen data is shown 
in Fig. The horizontal band is due to the kaon-induced events. Its projected time and energy 
spectra are also displayed in the figure. A typical width of the time-correlation, after the time- 
walk correction, was about 800 ns (FWHM) which reflected the drift-time distribution of the 
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Figure 3: Kaon identification using timing of the coincidence signals in the kaon detector with respect to the RF signal 
of ~ 368.7 MHz from DAONE. 



electrons in the SDD. The kaon and background time gates, each having a width of 1 yusec, are 
indicated therein with arrows. 

The continuous background is related to the following two types of particles: the charged 
kaon secondaries (prompt background) and lost beam particles (accidental background). Com- 
paring the energy spectra of data with SDD timing gates set to "K" (kaon) and "BG" (back- 
ground) in Fig. the prompt background is at the same level as the accidental background. In 
the most recent previous measurement of kaonic hydrogen X rays (DEAR) 11511 . also performed 
at DAONE, the kaonic-hydrogen spectrum suffered from the huge accidental background due 
to lack of the timing capability of the X-ray detectors (CCDs) used. The event selection using 
the time information significantly reduced the accidental background and improved the signal- 
to-background ratio by more than a factor of 10 with respect to the corresponding DEAR ratio 
of about 1/100. 

Fig. 0(b) shows the kaonic-hydrogen X-ray spectrum. We have also measured an X-ray spec- 
trum with a deuterium target (for the first-ever exploratory measurement of kaonic-deuterium X 
rays), as shown in Fig. 0(c). The kaonic-hydrogen X-ray transitions were clearly observed while 
those for kaonic deuterium were not visible. This appears to be consistent with the theoretical 
expectation that kaonic deuterium X rays have one order lower yield per stopped K~ and greater 
width than those of kaonic hydrogen X rays {e.g., 13710 . 

A dot-dashed line in Fig. 0(b) indicates the EM value of the kaonic-hydrogen Ka. Compar- 
ing the kaonic-hydrogen Ka peak and the EM value, there is no room for doubt about a repulsive 
shift of the kaonic-hydrogen 1 ^-energy level, which is consistent with the analysis of the low 
energy KN scattering data. 

Many other kaonic-atom X rays and characteristic X rays were detected in both spectra as 
indicated with arrows in the figures. Those kaonic-atom lines are attributable to the target-cell 
wall made of Kapton polyimide film (C22H10O5N2) and its support frames made of aluminum. 
The characteristic X rays come from high-purity titanium and copper foils installed for in-situ 
X-ray energy calibration. 

There are three background X-ray lines overlapping with the kaonic-hydrogen signals : 
kaonic oxygen 7-6 (6.0 keV), kaonic nitrogen 6-5 (7.6 keV) and the characteristic X ray of 
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copper Ka (8.0 keV). In the fitting procedure of the kaonic-hydrogen spectrum, it turned out to 
be essential to use the kaonic-deuterium spectrum to quantify the kaonic background X-ray lines. 
Therefore, we performed a simultaneous global fit of the hydrogen and deuterium spectra, where 
the intensities of the background X-ray lines were determined using both spectra and a normal- 
ization factor defined by the intensity ratio of the high-statistics kaonic-carbon 5-4 peak seen in 
both spectra. In Fig. [6] (b) and (c), the resulting fit lines are shown together with components 
of both the background X-ray lines and a continuous background; (a) shows the residuals of 
the measured kaonic-hydrogen X-ray spectrum after subtraction of the fitted background, clearly 
displaying the kaonic-hydrogen ^-series transitions. 

As a result, the ls-level shift e\ s and width Y\ s of kaonic hydrogen were determined by 
SIDDHARTA to be 

e u = -283 ± 36(stat) ± 6(syst) eV 
and T ls = 541 ± 89(stat) ± 22(syst) eV, 

respectively, where the first error is statistical and the second is systematic. The quoted system- 
atic error is a quadratic summation of the following contributions : the SDD gain shift, the SDD 
response function, the ADC linearity, the low-energy tail of the kaonic-hydrogen higher transi- 
tions, the energy resolution, and the procedural dependence shown by an independent analysis 

Eh. 
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Figure 5: Measured X-ray time and energy spectra for K~ triggered events of hydrogen data. The top-left panel shows a 
correlation plot of the X-ray energy measured by SDDs vs the time difference between kaon arrival and X-ray detection, 
where a time-walk correction was applied. The projections on the time and energy axes are also shown at the right and 
bottom. By selecting kaon and background time gates indicated with "K" and "BG" in the timing spectrum, both the 
energy spectra are displayed. 
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4. Conclusion 



We have determined the strong-interaction energy-level shift and width of the kaonic-hydrogen 



The obtained shift and width are plotted 
1511. It should be noted that the smaller the 



atom 1 s state with the best accuracy up to now (31 
in Fig. |7] along with the other two recent results Oi 
width, the better the accuracy of determining the energy. The right panel of Fig. [7] shows the 
errors on the energy shift as a function of the width (vertical axis) for each experiment, together 
with guide lines representing SIDDHARTA precision calculated assuming the same statistics 
but with differing width. In comparison with the DEAR result, the accuracy of determining the 
energy in SIDDHARTA is obviously improved. 

The new triggerable X-ray detectors, SDDs, developed in the framework of the SIDDHARTA 
project, lead to an improved energy and time resolution over the past experiments, resulting in 
much lower background in comparison with the DEAR experiment, thus permitting a better 
control on systematics. 

Our determination of the shift and width allows more precise evaluation of KN scattering 
lengths which yields vital constraints on the theoretical description of the low-energy KN inter- 
action (e.g., SB). _ 

For further study of the "isospin-dependent" KN interaction, it is crucial to measure the 
strong-interaction 1 ^-energy-level shift and width of kaonic deuterium. The present kaonic- 
hydrogen result combined with kaonic-deuterium data to be collected in the SIDDHARTA- 
2 experiment [40], being designed with more than one order-of-magnitude better signal-to- 
background ratio than that in SIDDHARTA, will provide invaluable constraints for the theories 
of low-energy QCD in the strangeness sector. 
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Figure 6: A global simultaneous fit result of the X-ray energy spectra of hydrogen and deuterium data, (a) Residuals of 
the measured kaonic-hydrogen X-ray spectrum after subtraction of the fitted background, clearly displaying the kaonic- 
hydrogen ^-series transitions. The fit components of the K~p transitions are also shown, where the higher transitions, 
greater than K/3, are summed. (b)(c) Measured energy spectra with the fit lines for each dataset. Fit components of the 
background X-ray lines and a continuous background are also shown. The dot-dashed vertical line indicates the EM 
value of the kaonic-hydrogen Ka energy. (Note that the characteristic Ka line consists of Kal and Kal lines, both of 
which are shown.) 
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Figure 7: Comparison of the present result for the strong-interaction 1 ^-energy-level shift and width of kaonic hydrogen 
with the two experimental results : KEK-PS E228 (1997) Q and DEAR (2005) 1 15]. The error bars correspond to 
quadratically added statistical and systematic errors. The right panel shows the error in the energy shift as a function of 
the width (vertical axis) for each experiment. The dashed lines represent the SIDDHARTA precision calculated assuming 
the same statistics but with differing width. 
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